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In order to study the transient behaviours of CO2, the operation modes of load change, start-up 
and shutdown of a CO2 flow process were replicated on the test rig. In the load change 
operations, two groups of experiments were conducted. Firstly, the gas flow rate changed while 
the liquid flow rate was fixed. The step change in the gas flow rate was accomplished by 
increasing or decreasing the working speed of the air compressor. In the second group of the 
experiments, the step increase or decrease was introduced to the liquid flow rate in the liquid 
loop while keeping the gas flow rate constant. When the load changed, a step change in the 
mass flow rate of liquid phase or gaseous CO2 was observed. While the piston pump in the 
liquid phase loop was suddenly started or closed to create the start-up and shutdown modes, 























4. Results and discussion 
4.1. Load change 
Fig. 3 shows the transient behaviours of two-phase CO2 flow during the load change operations 
in the horizontal pipeline. The mass flow rate of liquid phase was fixed at 1500 kg/h while the 
mass flow rate of gas phase experienced the step increase or decrease. As shown in Fig. 3 (a) 
and (c), it is found that the overshoot and undershoot of CO2 mass flow rate from the test meter 
occur during the transient changes. Due to the compressibility of gaseous CO2, large variations 
in gas flow rate affect the vibration between the fluid and its conveying pipe in the CMF, which 
results in the overshoot and undershoot of the mass flow rate during the step increase and 
decrease. Meanwhile, in comparison with the reference value, which is the sum of the results 
from the CMFs in the liquid and gas single-phase loops, there are significant discrepancies in 
CO2 mass flow rate between the test value and the reference value during the transient changes. 
The absolute error and relative error of the results from the CMF are given in Fig. 4. The 
maximum absolute error and relative error are -87.89 kg/h and 5.44% during the step increase, 
while the maximum absolute error and relative error are -122.43 kg/h and 7.67% during the 
step decrease, which cannot meet the requirement of 1.5% measurement uncertainty specified 
in the European Union Emissions Trading Scheme under all expected CCS conditions (Hunter 
and Leslie, 2009). In order to accurately measure the total mass of CO2 flow, the errors during 
the transition should be compensated using the soft computing method (Wang et al., 2018; Yan 
et al., 2018). In addition, since the gaseous CO2 has a higher temperature and a lower density 
in comparison with liquid phase CO2, the density and temperature of two-phase CO2 flow 
change correspondingly during the step increase or decrease of the gas mass flow rate (Fig. 3 
(b) and (d)). Meanwhile, density and temperature readings from the CMF are good indicators 
for measuring the gas void fraction of two-phase CO2 flow.  
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(a) Mass flow rate variation           (b) Corresponding density and temperature 
during step increase                 change during step increase 

























   









































(c) Mass flow rate variation           (d) Corresponding density and temperature 
during step decrease                 change during step decrease 
 
Fig. 3. Transient behaviours of the two-phase CO2 flow during the step increase or decrease 
of gas mass flow rate. 
 










































   











































(a) Step increase                       (b) Step decrease 
Fig. 4. Absolute error and relative error between the test value and the reference value during 
the step increase or decrease of gas mass flow rate. 
 
The liquid CO2 is incompressible and the variations in the liquid mass flow rate do not affect 
the operation of the CMF. As shown in Fig. 5, there are smooth transitions of CO2 mass flow 
rate between the start point and the final point during the step increase or decrease of liquid 
mass flow rate when the gas mass flow rate is fixed at 120 kg/h. Because the CMF has good 
  
dynamic response, the test value and reference value have a similar trend. However, due to the 
sudden changes in the gas volume fraction of two-phase CO2, there are also obvious absolute 
and relative errors of the results from the CMF, as shown in Fig. 6. In addition, the density and 
temperature of CO2 flow present step increase or decrease when the liquid mass flow rate 
changes.  




























































(a) Mass flow rate variation           (b) Corresponding density and temperature 
during step increase                 change during step increase 


























































(c) Mass flow rate variation           (d) Corresponding density and temperature 
during step decrease                 change during step decrease 
 
Fig. 5. Transient behaviours of the two-phase CO2 during the step increase or decrease of 
liquid mass flow rate. 
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Fig. 6. Absolute error and relative error between the test value and the reference value during 




In the start-up operations, the pipe was initially filled with the gaseous CO2. With the start of 
the piston pump in the liquid phase loop, liquid slug of CO2 was found in the horizontal test 
section of the pipeline, as shown in Fig. 7 (a). After that, the flow regime changed to stratified 
flow and the liquid level of CO2 gradually increased (Fig. 7 (b)). Finally, the liquid phase filled 
the entire pipe, except for small gas bubbles existing at the top of the pipeline (Fig. 7 (c)). 
During the start-up process, the mass flow rate measured from the CMF in the horizontal test 
section presents two-step changes, as shown in Fig. 8. In addition, it is found that the density 
from the CMF gradually increases together with the second step change of the mass flow rate. 
Considering the flow images from the high speed camera, it is supposed that the second step 
change is related to the occurrence of the liquid slug in the horizontal pipeline. In addition, the 
first step change of the mass flow rate is caused by the flow of gaseous CO2. With the start of 
the pump in the liquid phase loop, the pressure wave is generated in the pipeline and the wave 
forces the stationary gaseous CO2 to flow through the CMF in the horizontal test section before 























































The transient behaviours of CO2 flow during the shutdown operations are given in Fig. 9. The 
pipeline was initially filled with liquid phase CO2 with the mass flow rate of 750 kg/h. The 
piston pump in the liquid phase loop was suddenly stopped and the mass flow rate of liquid 
  
phase CO2 dropped to zero in less than 5 seconds, as shown in Fig. 9 (a). In order to accelerate 
the depressurization process in the shutdown operations, a regulating value was opened to 
release the liquid phase CO2 into the atmosphere. Corresponding variations in mass flow rate, 
density, pressure and temperature of CO2 flow in the horizontal pipeline are shown in Fig. 9 
(b)-(d). Due to the large pressure drop between the pipeline and the atmosphere, the CO2 flow 
was forced to move and the mass flow rate of CO2 presented a large increase after opening the 
regulating value (Fig. 9 (b)). With the drop of the pressure in the pipeline (Fig. 9 (c)), the mass 
flow rate gradually decreased. Meanwhile, the evaporation of the liquid phase CO2 occurred, 
small gaseous CO2 bubbles were generated and the liquid level of CO2 dropped, which resulted 
in the density drop of the CO2 flow (Figure 9 (b)). In addition, due to the endothermic effect 
associated with the evaporation, the temperature of the CO2 flow decreased (Fig. 9 (d)).  






































    










































(a) Mass flow rate and density change     (b) Mass flow rate and density change 
after stopping the pump                after opening the valve 




















    





















(c) Pressure fluctuation after             (d) Temperature fluctuation after  
opening the valve                      opening the valve 
 
Fig. 9. Transient behaviours of the CO2 flow during the shutdown operations. 
 
5. Conclusions 
The transient behaviours of the CO2 flow during flexible CCS operations including load change, 
start-up and shutdown processes have been investigated on the CO2 gas-liquid two-phase flow 
  
rig using dedicated instrumentation. The following conclusions are drawn from the 
experimental results: 
(1) There are significant discrepancies between the mass flow rate readings and the reference 
values during the load change operations, especially when there is a step increase or 
decrease in the mass flow rate of gaseous CO2. This is mainly due to the sudden change of 
gas volume fraction in the two-phase flow.  
(2) The flow regimes of liquid slug flow, stratified flow and gas bubbly flow are generated 
after the start of the liquid phase pump. Meanwhile, two-step changes in the mass flow rate 
and corresponding variations in the density of CO2 flow were observed. Such an interesting 
observation for start-up operations clearly indicates the transition from a gaseous phase to 
a liquid phase inside the pipeline. 
(3) After the stop of the liquid phase pump and the release of CO2 flow into the atmosphere, 
the depressurization and evaporation of liquid CO2 in the pipeline were observed. This 
shutdown process can be identified by the graduate reduction in the density of CO2 flow 
and the fluctuation in CO2 mass flow rate. 
The significant discrepancies of CO2 mass flow rate from the CMFs during the load change 
operations lead to significant errors in the fiscal metering of CCS. In order to solve the above 
problem, the flow compensation of the CMFs with a dynamic neural network will be 
investigated in the near future.  
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